Inelastic mechanics: A unifying principle in biomechanics  by Gralka, Matti & Kroy, Klaus
Biochimica et Biophysica Acta 1853 (2015) 3025–3037
Contents lists available at ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r .com/ locate /bbamcrReviewInelastic mechanics: A unifying principle in biomechanics☆Matti Gralka 1, Klaus Kroy ⁎
Institute for Theoretical Physics, University of Leipzig, Bruederstr. 16, 04103 Leipzig, Germany☆ This article is part of a Special Issue entitled: Mechan
⁎ Corresponding author at: P.O. Box 100 920, 04009 Le
E-mail addresses: gralka@berkeley.edu (M. Gralka), kl
(K. Kroy).
1 Present address: Biophysics and Evolutionary Dyn
Physics and Integrative Biology, University of California, Be
http://dx.doi.org/10.1016/j.bbamcr.2015.06.017
0167-4889/© 2015 Elsevier B.V. All rights reserved.a b s t r a c ta r t i c l e i n f oArticle history:
Received 14 January 2015
Received in revised form 13 May 2015
Accepted 26 June 2015











Structural plasticityMany soft materials are classiﬁed as viscoelastic. They behave mechanically neither quite ﬂuid-like nor quite
solid-like — rather a bit of both. Biomaterials are often said to fall into this class. Here, we argue that this misses
a crucial aspect, and that biomechanics is essentially damagemechanics, at heart.When deforming an animal cell
or tissue, one can hardly avoid inducing the unfolding of protein domains, the unbinding of cytoskeletal
crosslinkers, the breaking of weak sacriﬁcial bonds, and the disruption of transient adhesions. We classify
these activated structural changes as inelastic. They are often to a large degree reversible and are therefore not
plastic in the proper sense, but they dissipate substantial amounts of elastic energy by structural damping. We
review recent experiments involving biological materials on all scales, from single biopolymers over cells to
model tissues, to illustrate the unifying power of this paradigm. A deliberately minimalistic yet phenomeno-
logically very rich mathematical modeling framework for inelastic biomechanics is proposed. It transcends the
conventional viscoelastic paradigm and suggests itself as a promising candidate for a uniﬁed description and
interpretation of a wide range of experimental data. This article is part of a Special Issue entitled:
Mechanobiology.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
From our everyday experience in the macroscopic world, we are
verymuchused to scaffold structuresmade from solid elements that de-
form elastically if subjected to mechanical load. These elements may be
connected by bolts and joints to build larger, more complex, and possi-
bly agile structures. Even our own bodies seem to obey this very com-
mon construction principle. However, if we dissect these bodies and
study the mechanical behavior on the level of cell aggregates, single
cells, and the intracellular scaffolding structures summarily known as
the cytoskeleton, we encounter an entirely new construction principle.
At ﬁrst sight, the impressively large and stiff protein ﬁbers like F-actin
and microtubules that make up the cytoskeleton may indeed look and
even behave in a way strongly reminiscent of our bones and muscles,
or even of the struts and beams used in macroscopic engineering. Yet,
this alluring similarity between the microscopic and the macroscopic
world is to some extent deceiving.
The catch is that the microscopic natural scaffolding structures
are inﬁnitely more dynamic and transient than their macroscopicobiology.
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amics Group, Departments of
rkeley, CA 94720, United States.counterparts. Nature combines these volatile structures into impres-
sively durable and adaptive creatures, by allowing them to ﬂuctuate,
to grow, decay, reform and to be constantly remodeled. So the micro-
scopic design principles governing the architecture of living matter are
rather not pantographic microﬁche images of those at work in themac-
roscopic world. Most of the joints and bolts linking together the “bones
andmuscles” of a cell, or the individual cells inside a tissue or cell aggre-
gate, are deliberately not designed for eternity. They are rather designed
to occasionally break during everyday performance in response to inter-
nally generated or externally applied forces. Nature has chosen to build
up animate matter using weak transient bonds as its universal cement.
Rather than gluing bulk solids covalently together, it loosely attaches
thin ﬂoppy ﬁbers and membranes, often employing binding strengths
that can only barely withstand the ubiquitous thermal forces.
Assemblies of many such bonds that easily break under weak loads
collectively give rise to a friction-like rather than an elastic resistance.
This may render elusive what an engineer would deﬁne as the mini-
mum requirement for classifying a material as an elastic body: a range
of conditions where the deformation is reversible and proportional to
the applied force, irrespective of the deformation rate. In this sense, as-
semblies ofweak bonds are anunconventional startingpoint for a visco-
elastic description, which would typically either start with an elastic
solid to which viscous dissipation is added, or with a liquid into which
elastic elements are immersed.
An analogy to electrical engineeringmay help to illustrate the point.
Standard circuit designs combine capacitors, resistors, and diodes, but
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the standard notion of electronic circuits to such unusual designs, it
would seem natural to characterize them as a separate class. Likewise,
mechanical behavior dominated by structural damage is usually classi-
ﬁed as plastic, naturally implying irreversible change. In biology, this is
not necessarily the most appropriate paradigm. Cells and tissues often
slowly recover after a nonlinear perturbation [1]. Their “burned fuses”
do not have to be replaced from the outside but canmend autonomous-
ly. Still, such “reversible plastic” response of living matter is often prac-
tically hard to distinguish from true plasticity, since active remodeling
and cell locomotion often interfere with mechanical measurements at
delay times beyond a minute, say, such that it hardly makes sense to
speak of “permanent” or “irreversible” deformations in this context. At
the same time, the origin and phenomenology of this response is clearly
distinct from conventional viscoelastic behavior (even if itmight techni-
cally be forced under that roof). It was therefore previously proposed to
classify such material responses as “inelastic” [1].
A further important reason to distinguish inelastic from viscoelastic
processes could be their utterly different physiological role. Namely, a
plausible biological purpose of inelastic processes in living matter
could be to establish a feedback system for triggering growth and rein-
forcement where needed, in order to achieve mechanical homeostasis
with typical external and internal stresses [2–4]. This would resonate
well with the general observation that structure, function and
mechanotransduction are tightly linked, as illustrated by the examples
of myosin, titin, talin and lamins [5], and also with the observation of
spontaneous shape ﬂuctuations and the lack of stress ﬁbers in cells
without adhesions [6].
As we emphasize in the following, inelastic mechanics is commonly
observed for a whole hierarchy of structural elements employed in liv-
ing organisms, on scales ranging from single protein ﬁbers over cells
to cell aggregates and othermodel tissues.We ﬁnd onlymarginal differ-
ences in their qualitative pattern of mechanical response, so that their
mechanical distinction essentially becomes a merely quantitative mat-
ter of precise time scales or deformation rates. This is interpreted as in-
dicative of a uniﬁed strategy aimed at keeping living matter malleable
and adaptive, on all scales, to the forces that are internally generated
or regularly imposed from the outside (a distinction that should not,
and apparently does not matter much for the discussion of the material
properties [7]). Partial structural (self-)damage thus has to be accepted
as an integral part and a fundamental working principle of the everyday
performance and adaptability of livingmatter. Indeed, we think that it is
one of themajor features that distinguish livingmatter frommostman-
made devices, which are designed to support expected loads without
damage, rather than to fail and recover. It is the aim of this article to ex-
plore the unifying potential of this view and survey some of its most sa-
lient consequences for the mechanical behavior of living matter.2. Background
2.1. Biological materials
Cells are the fundamental building blockof any knownorganism. Re-
cently, the importanceofmechanical stimuli for cell behavior and devel-
opment has caught new attention as the mechanical environment
controls many of the cell's functions [9–14]. Environmental stiffness
guides stem cell differentiation and cells adapt to the stiffness of the
substrate on which they grow [10] and migrate towards stiffer sub-
strates [11]. External stresses can alter gene expression during embryo-
genesis [12–14] or tumor growth [15], and in cancer metastasis [16,17],
malaria [18], or asthma [19] cell stiffness plays a decisive role. Hence, in
order to understand biological function and malfunction on a cellular
level we not only have to understand biochemical pathways but also
how the mechanics of a cell arises from its constituents and how me-
chanical cues are translated into a biological response by the cell.The mechanics of eukaryotic cells is dominated by the cytoskeleton,
a composite polymer meshwork that spans the entire cell and endows
the cell with both the stability needed to withstand external forces
and the ﬂexibility to squeeze through tissues [9]. Although animal and
plant cell cytoskeletons share many similarities, we only consider ani-
mal cells, here. Even for animal cells, stiffness varies drastically between
cell types [20] (neurons are much softer than bone cells, for example),
yet they all share the same main polymeric constituents: microtubules,
intermediate ﬁlaments, and actinﬁlaments. All three classes of cytoskel-
etal constituents have in common that they are composed of macromo-
lecular monomers with molecular weights in the 10 kDa range that
polymerize into long, semiﬂexible chains.
Microtubules are the stiffest cytoskeletal polymers, with a typical
persistence length (the length-scale over which angular correlation
decay along the contour of the polymer due to thermal motion) on
the order of 1 mm [21,22]. While they have a unique ability to bear
signiﬁcant compressive loads [23], they appear not to dominate theme-
chanics of the cytoskeleton. They play a crucial role in active intracellu-
lar transport [24].
The family of intermediate ﬁlaments is a large group of semiﬂexible
polymers that are the softest of the three cytoskeletal ﬁlaments, with
persistence lengths ranging from 200 nm to about 1 μm. Due to their hi-
erarchical internal structure, they can tolerate much larger extensions
(up to 200%) than actin or microtubules, which are practically
inextensible [25]. Thus, intermediate ﬁlaments might contribute to the
nonlinear mechanics of cells during large deformations.
Finally, actin ﬁlaments are the most slender of all cytoskeletal pro-
teins, but an order of magnitude stiffer than intermediate ﬁlaments,
with a persistence length on the order of 10 μm. In the cell, F-actin is
found mainly in the actin cortex, a ﬁlamentous meshwork located be-
neath the cell membrane, and in stress ﬁbers, which essentially are
thick actin bundles spanning the whole cell that form when the cell is
externally stressed or adhering to a stiff substrate [10]. The actin cortex,
together with the stress ﬁbers, is usually found to dominate the me-
chanical response of the cell and has hence been studied extensively
in vitro and in vivo. It moreover supports intercellular and cell–matrix
adhesion via transmembrane anchor molecules [26].
The cytoskeletal ﬁlaments are crosslinked by a wide variety of mo-
lecular crosslinkers. For instance, microtubules in axons are bundled by
microtubule associated proteins (MAPs) [8] while α-actinin, ﬁlamin
and others crosslink actin ﬁlament [27]. Actin crosslinkers can bundle
ﬁlaments and increase the stiffness of the network dramatically [28].
Crosslinking is in general a dynamic process highly susceptible to me-
chanical stimuli [1], pH [28] and temperature [29] and can also be
effected without molecular linkers by excess divalent ions such as
Ca2+ and Mg2+ [30,31].
In addition to passive crosslinkers, molecular motors strongly affect
the mechanics of the cytoskeleton of living cells. They contribute to
two most remarkable properties of the actin cortex, namely that it is
constantly maintained under tension (called prestress or pretension)
[32,33], and that it is perpetually reorganizing itself, spontaneously as
well as in response to stress [8]. Through polymerization of actin and
the action of motor proteins, the cell can moreover actively generate
traction forces on substrates or other cells, thereby creating a mechani-
cal pathway for intercellular communication [34]. Speciﬁcally, myosins
can attach to actin ﬁlaments and act as crosslinkers or motors. When
myosin is activated by calcium ions, it pulls the network together and
thus induces an internal stress in the network, which increases the net-
work stiffness while also providing a basic mechanism underlying cell
contractility and motility [34,35] as well as dynamic mechanical adap-
tation. In both reconstituted networks and live cells, the mechanical
effect of motors has been found to be highly redundant with that of
crosslinkers and added external stress [7,36,37]. While motors thus
certainly play an important and more dynamic role in cell motility,
muscle contraction, intracellular transport, and in the generation of
non-equilibrium ﬂuctuations [38,39], their effect on the mechanical
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to be of a more quantitative rather than qualitative nature. In a ﬁrst ap-
proximation, theymay therefore be subsumed into a renormalization of
the elastic modulus or the overall stress (see Fig. 1B for an example),
leaving the range of inelastic processes intact [1].
The mechanics of the cytoskeleton is often successfully investigated
using reconstituted systems in a bottom–up approach [43]. Yet, it must
not be forgotten that the constituents of the cytoskeleton are attached
to and interact with each other, the cell membrane, the nucleus and
other cell organelles and even across cell boundaries. For this reason,
it is often difﬁcult to single out the function of individual proteins
in vivo. In addition, there are biochemical feedback pathways connec-
ting, for example, cytoskeletal organization and remodeling and cell ad-
hesion proteins. These cannot easily be studied in reconstituted systems
[44], but neglecting to take these into account could make it difﬁcult to
understand the essential active properties of cells.
Most cell types in the body aremoreover never isolated: they adhere
to other cells [45] and to the extracellular matrix (ECM) [46], a polymer
network made of proteoglycans and complex protein ﬁbers like colla-
gens and elastin that the embedded cells can actively remodel and con-
tract [47]. The constituents of the extracellular matrix each have a
characteristic network morphology, with collagens as the most abun-
dant component forming composite ﬁbers that assemble into sparse
networks [48], as does ﬁbrin [49]. Adhesion is effected via several
molecular pathways, e.g., Cadherins, α− and β−catenin for cell–cell
adhesion [45,50,51], ﬁbronectin and integrins in focal adhesions for
cell–matrix adhesion [52,53]. Both rely on and feed back to cytoskeletal
strength and organization, ion ﬂuxes and other intracellular processesFig. 1. (A) Power-law rheology: the real and imaginary parts G′ and G″ of the frequency-de
pharmacological treatments (control conditions (solid square), histamine (open square), D
model (lines). Reproduced from Ref. [41]. (B) The role ofmolecularmotors on the frequency-de
G′ (ﬁlled symbols) and loss modulus G″ (empty symbols) of F-actin/myosin networks for a ran
(lower G′) whereas inactive myosin motors crosslink the network, increasing its stiffness. Botto
below)model [42] (symbols as in the experiment), with parameters (top to bottom)E=30, 9, 5
closed bonds relative to full crosslinking). The interpretation of these parameter choices is that (
and (2) that active/inactive motors increase/decrease the effective mesh size (or average dista[54–57]. Cell–cell adhesions hold tissues and cell aggregates together,
and collective phenomena emerge as a consequence [58,59]. The two
adhesion types (cell–cell and cell–substrate) are also interdependent.
While in some cases they seem to enhance each other [56], the presence
of other cells generally tends to reduce the inﬂuence of the substrate:
cells with cell–cell contacts are less inclined to adapt to the substrate
in terms of stiffness [60] and cell–substrate adhesions are weakened
or even destroyed [56].
Cell aggregates and conﬂuent cell monolayers are now widely em-
ployed as reconstituted model systems for tissues to probe different
aspects of tissue mechanics [61–64]. Monolayers present a two-
dimensional model system that is easy to handle experimentally and al-
lows for the direct observation of collective effects during cellmigration,
like the emergence of mechanical waves [58] or the slow glassy dynam-
ics in the layer [65]. Cell aggregates moreover serve as a model system
for developing tissues [59].
2.2. Rheology of soft matter
The term cell mechanics implies that we are in principle able to de-
scribe cells as amaterial of some sort [66], which, given their complexity
and biological activity, certainly amounts to a strong idealization. Nev-
ertheless, cells have been shown to share importantmechanical charac-
teristics with inanimate matter, and there appear to exist unifying
principles governing the mechanics of semiﬂexible polymer networks,
cells and tissues [32,67,61].
If cells are treated as a material, they fall into the realm of soft con-
densed matter, with Young's moduli in the range of 100 Pa to 10 kPapendent linear modulus measured for human airway smooth muscle cells for different
BcAMP (solid triangle), cytochalasin D (open triangle)) [40] and ﬁtted with the GWLC
pendentmechanical response of F-actin networks toweak shearing. Top: storagemodulus
ge of frequencies, reproduced from Ref. [37]. Active myosin motors ﬂuidize the networks
m: Qualitative replication of these data with the glassy wormlike chain (GWLC, explained
(stretching parameter setting the low-frequency scaling) and ν0=0.5, 0.6, 0.9 (fraction of
1) activemotors ﬂuidize the network (lowerE), while inactivemotors stiffen it (higher E),
nce between crosslinks) relative to the pure F-actin solution, respectively.
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material is to measure its linear response to an external stress or strain.
By deﬁnition, linear response implies elasticity constants that do not de-
pend on the strength of the external stimulus, which, in general, is only
the case for vanishingly small stresses/strains. Even then, the elastic
moduli will not bemere constants, though, but depend on the temporal
protocol of the mechanical perturbation.
In the frequency domain, the linear modulus relates a periodic stress
σ(ω) and strain γ(ω) as σ(ω) = G(ω)γ(ω). To account for in- and out-
of-phase response, it is convenient to treat all quantities as complex
numbers. In particular, onewritesG(ω)=G′(ω)+ iG″(ω), and similarly
for its inverse J(ω) = G−1(ω), called the compliance or susceptibility.
Here,G′ is called the elastic or storagemodulus andG″ the lossmodulus;
their ratio determines the loss angle δ= tan−1(G″/G′) which gives the
phase shift between stress and strain when the material is subjected
to a sinusoidal strain. Amaterial is said to be perfectly elastic if G′ is con-
stant andG″=0,while for a purely viscous ﬂuidG′ vanishes andG″ ∝ω.
Accordingly, δ = 0 for elastic materials and δ = π/2 for Newtonian
ﬂuids. If neither G′ nor G″ is negligibly small, the material is said to be
viscoelastic. The intuitive distinction between ﬂuids and solids is thus
often blurred in soft matter, and the classiﬁcation of a material as
“ﬂuid” or “solid” may depend on the experimental time scales [20]. A
well-known example for an inanimate material that exhibits this am-
bivalence is silly putty, which behaves like a bouncy ball when it is sud-
denly dropped on the ﬂoor but ﬂows like a very viscous liquid over the
course of hours.
In equilibrium, G(ω) is closely connected to the thermal ﬂuctuations
by the ﬂuctuation–dissipation theorem (FDT) [68]. An early instance of
this powerful tool from statistical mechanics is given by the Einstein re-
lationD= kBT/ζ [69], which amounts to a low frequency limit of the FDT
for the position of a Brownian particle. In its most general form, the FDT
links the power spectrum Sx(ω) of the thermal ﬂuctuations of any ob-
servable x to its susceptibility χ (i.e., to its response to a small dynamic
external ﬁeld), via SxðωÞ ¼ 2kBTω ImχðωÞ [70]. The full susceptibility can
be reconstructed from its imaginary part Imχ(ω) via the Kramers–
Kronig relations [71]. In polymer physics, the FDT is commonly applied
to compute the mechanical compliance J(ω) from the mean square dis-
placement of an embedded probe or a test ﬁlament, which is related to
the power spectrum Sx(ω) [72].
The FDT only holds close to equilibrium in the linear response re-
gime. When external forces become large, the material properties
encoded in the modulus G(ω) will in general depend on the deforma-
tion strength. In this case, we speak of a nonlinear material response
(which has to be distinguished from merely geometric nonlinearities
that necessarily accompany large strains [73]). To exemplify theFig. 2. (A) F-actin networks crosslinked with scruin exhibit strain stiffening. Symbols represent
appropriate rescaling, a master relation is recovered. Figure reproduced from Ref. [81]. (B) Th
obeys a universal master relation after rescaling. Reproduced from Ref. [7].differences between linear and nonlinear deformations, consider the
common experimental setup of an imposed sinusoidal strain. While
within the linear response regime, the stress response is also sinusoidal
(though shifted by a phase), the nonlinear response will in general not
be sinusoidal but exhibit distortions that grow upon increasing the driv-
ing amplitude. This indicates that the material dynamically changes its
stiffness, depending on strain amplitude and rate. As a rule of thumb,
ﬂuids (like pastes or slurries) tend to soften under stress [74–76],
which can be understood as a consequence of a nearby glass transition
[77]. In contrast, soft solids like rubbers and polymer gels stiffen with
strain [78–80], which can be rationalized by the tendency of polymers
to stiffen when prestressed [81].
Additionally, when strains are large, another class of mechanical be-
havior emerges, where thematerial supports a certain amount of stress
elastically, but undergoesﬂuid-like rearrangements if a stress threshold,
the so-called yield stress, is overcome. In other words, the system ﬂows
upon applying sufﬁcient stress, but does not (or extremely slowly) relax
all internal stresses if held at a ﬁxed deformation. Such odd behavior is
broadly classiﬁed as plastic or inelastic, depending onwhether structur-
al changes are permanently frozen in or (ultimately) relax reversibly.
2.3. Universal features in biomechanics
In the following, we describe how many of the mechanical features
described for cells are also present in reconstituted semiﬂexible poly-
mer networks [82,32], which supports the idea that actin, microtubules,
and intermediate ﬁlaments dominate the viscoelastic response of cells
[25]. In fact, most microscopic models for cell elasticity describe poly-
mer networks and neglect possible contributions from other cell con-
stituents, like the cell membrane or the cytoplasm [83]. The following
fundamental rheological principles, illustrated in Figs. 1 and 2, have
been established fairly universally for biomaterials, ranging from semi-
ﬂexible polymer solution and networks to cells and cell aggregates.
2.3.1. Power-law rheology
For cells, the linear viscoelasticmodulus scalesweaklywith frequen-
cy, with a small fractional exponent of 0.1–0.4 at low frequencies
ω b 10−2− 103 s−1 [40,84], see Fig. 1. Power-law rheology indicates
the absence of a characteristic intrinsic time-scale [40,32] and is notori-
ous in so-called soft glassymaterials like colloids, foams, and pastes [85,
75]. These materials thus defy a clear classiﬁcation as ﬂuids or solids, at
all frequencies. For solutions and networks of semiﬂexible polymers, the
modulus at low frequencies is generally very similar to that of living
cells, but exhibits a clearer crossover to a steeper power-law growth
at high frequencies [82]. For single semiﬂexible polymers, such a morethe differential elastic modulus K′ at different actin and scruin concentrations. Inset: upon
e nonlinear elastic response measured for ﬁbroblasts (inset) exhibits stress stiffening and
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(iω)3/4 can be explained within the framework of the wormlike chain
model [86].
2.3.2. Strain stiffening
Single biopolymers increasingly resist strain when pulled straight
[87]. Even for extensible polymers, there is a strong elastic stiffening re-
sponse which crosses over into an inelastic linear regimewhen the ﬁla-
ment is being stretched beyond its equilibrium length [83]. Similarly,
crosslinked biopolymer networks exhibit nonlinear elasticity, i.e., their
elastic modulus increases with increasing stress or strain [81,88]. The
same characteristic response has been documented formerely physical-
ly entangled biopolymer solutions, although only at intermediate
strains and sufﬁciently high deformation rates [89–92]. In passive
networks, this stiffening is usually attributed to the entropic stiffening
of the individual polymers in response to stretch [81,83]. Alternatively,
it has been attributed to ﬁlament reorientation and alignment, but
detailed theoretical studies based on the tube model suggest that un-
crosslinked solutions, where the individual polymers are not stretched
upon slow deformation, would exhibit softening [93,94]. As for the lin-
ear frequency-dependent response, also the stiffening under stress is
found to be closely similar for biopolymer networks and cells [7,95,
96], see Fig. 2. Stress stiffening in cells is accordingly thought to be of
mainly polymeric origin and to require a certain minimum degree of
network connectivity. Additionally to the purely physical stiffening,
stress-activated biochemical pathways may also add to the cell stiffen-
ing over the course of minutes [32]. Moreover, compared to polymer
networks, the variable internal prestress in cells has to be taken into ac-
count as a preconditioning effect that modulates the sensitivity to the
external load [33,83].
The power-law rheology and strain-stiffening response of cells and
tissues can thus arguably be reasonably well understood directly from
the underlying polymeric structure. A third generic biorheological prin-
ciple is strain softening or ﬂuidization, which is best understood as a
consequence of inelastic mechanisms. In the following, we concentrate
on this particular phenomenon, which arguably is currently the leastFig. 3. (A) Stress–strain curves for cyclic shearing of ﬁbrin (left) and collagen (middle) solut
increasing strain amplitude leads to shifts of the curves, indicative of an inelastic extension of t
and strain shift disappear, and only the characteristic polymeric stiffening response remains. (B
ﬁlament leads to a successively longer ﬁlament length. Adapted from Ref. [98].studied and the least understood biomechanical trait. We progress
from the bottom up, from single polymers over solutions and networks
to cells and cell aggregates and in vitro tissue models.
3. Inelastic phenomena in biopolymers, cells, and tissues
3.1. Single ﬁlaments
At the fundamental level, biomaterials derive theirmechanical prop-
erties from those of their constituents, i.e., the polymers and the net-
works they form. Many of these biopolymers, like microtubules,
intermediate ﬁlaments, collagen or ﬁbrin, are themselves composed of
oligomers or protoﬁlaments [8] that are only transiently attached to
each other. Re-iterating this construction principle, individual polymers
or ﬁbrils can agglomerate further into thicker ﬁbers and bundles, which
may then again form networks [35].
It is plausible that the composite structure of individual ﬁbers and
bundles gives rise to inelastic contributions to themechanical response.
Indeed, F-actin bundles respond elastically to short strain pulses, but
maintain a residual deformation if bent for an extended period of time
[97]. The interpretation is that bonds can break under stress and reform
upon its release. Since they can possibly reform in conﬁgurations differ-
ent from the starting conﬁguration, this process can allow deformations
to persist long after the release of an imposed strain.
Very similar inelastic effects have been demonstrated on the level of
semiﬂexible polymer solutions. In a recent paper, Münster et al. [98]
investigated the strain-history dependence of the nonlinear response
of two types of (uncrosslinked) networks made from extracellular
matrix proteins, namelyﬁbrin and collagen. The networkswere subject-
ed to cycles of increasing strain amplitudes, see Fig. 3(A). The authors
report a strong strain stiffening, as common in networks of semiﬂexible
polymers. Moreover, they ﬁnd a pronounced hysteresis in the stress–
strain curves, and a “viscoelastic shakedown” (a decrease of the hys-
teresis) for consecutive deformation cycles of constant amplitude. Inter-
estingly, the onset of stiffening shifts to higher strains with each
stepwise increase in the stretch amplitude.ions. Within each amplitude cycle, there is a pronounced stiffening and shakedown. An
he individual polymers. Right: After covalently crosslinking the polymers, the shakedown
) Evidence for inelastic response at the single-ﬁlament level. Repeatedly stretching a ﬁbrin
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originates from the backbone extension of the individual polymers
(Fig. 3(B)). The latter may reasonably be attributed to intra-ﬁlament
slippage of protoﬁlaments. After the stretch, the protoﬁlaments may
re-attach in a new, metastable conﬁguration, effectively yielding a lon-
ger ﬁlament than before the stretch, on intermediate time scales.
Upon a fast macroscopic strain reversal, the elongated ﬁlaments then
buckle instead of contracting, with important consequences for theme-
chanical properties of the networks. Eventually, if left in a relaxed state
for sufﬁciently long times, they may retract and return to their ground
state. When the structures were initially covalently crosslinked with
glutaraldehyde, the mechanical response became virtually hysteresis-
free (Fig. 3(A), right), implying that internal inelastic rearrangements
in the network and in the ﬁlaments were indeed at the heart of the in-
elastic response.
3.2. Crosslinked semiﬂexible polymer networks
A structurally quite different material that is, however, rheologically
highly redundant to the above-described inelastic ﬁlaments and bun-
dles is obtained if weak bonds are introduced not within but between
the scaffolding elements (i.e., between the individual polymers). In con-
trast to covalent crosslinks, typical crosslinkers of the actin cytoskeleton
are quite weak, as they have activation energies on the order of 10 kBT
[99]. Their bonds are therefore transient and easily broken by deforma-
tions of the network.
Wolff et al. [67] showed that aminimal reconstituted system of actin
ﬁlaments and HMM crosslinkers has a complex phase space of possible
mechanical behaviors, depending on strain rate and amplitude. At low
amplitudes, bond breaking is subdominant and the network mechanicsFig. 4.Nonlinear response of crosslinked F-actin networks to a large-amplitude oscillating shear
the simulated response of the inelastic GWLC model (inset) both exhibit highly non-trivial
ﬂuidization and shakedown during subsequent cycles (enumerated by n) with the same ampli
that ﬁrst increases (due to the entropic stiffening of the polymers) but ultimately decreases (d
Reproduced from Ref. [67].is almost purely viscoelastic. As the amplitude increases, the cross-
linkers experience higher stresses and their (un-)binding kinetics starts
to dominate the material behavior. The softening of the network by
bond-breaking eventually dominates over the polymeric stiffening,
thereby giving rise to inelastic ﬂuidization. At low strain rates, a station-
ary inelastic stress–strain relation is obtained that may superﬁcially be
mistaken for an elastic response, although its origin is more complex,
as revealed by varying the strain rate. At high strain rates, strong strain
stiffening is followed by an avalanche of bond breaking, causing the net-
work to exhibit a pseudo-plastic yielding response. Fig. 4 showcases the
complicated mechanical response of a crosslinked F-actin network to a
complex strain protocol.
Sincemanymechanical properties of biologicalmatter arise from the
properties of semiﬂexible polymer networks inside the cell, these ﬁnd-
ings hint at a possible polymeric basis also for the sometimes perplexing
inelastic contribution to the mechanical behavior of cells.
3.3. Single cells
There exists a multitude of experimental techniques to probe the
mechanical response of adherent cells, see [100] for a review. An impor-
tant distinction between the methods lies in the length scale on which
they operate. For example, microrheological methods like magnetic
twisting cytometry measure local deformations and stresses, while
some other techniques, like micropipette aspiration [101] or high
throughput techniques like the optical stretcher [102], probe the me-
chanical response on a whole-cell level. The main point to note is that
results obtained with one method cannot easily be transferred to
other techniques. Nevertheless, independently of the experimental
technique, inelastic effects have been observed in cells that are(LAOS) protocol (top). The extracted experimental nonlinearmodulus K^ (mainﬁgure) and
behavior: a strong stiffening upon each increase of the strain amplitude is followed by
tude. Note the superimposed slow nonmonotonic evolution of the “steady-state” stiffness
ue to excessive bond breaking) with cycle number.
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argue accordingly that, on a qualitative level, there is only one underly-
ing physical mechanism that may sometimes be obscured by themulti-
tude of different experimental techniques and the lack of a universally
validated theory to meaningfully relate the various measurement re-
sults to each other.
Like polymer networks, cells show a stiffening response to stretch
[103], and this strain stiffening can be traced back to the underlying
polymer mechanics of the cytoskeleton [95]. Upon large (global) defor-
mations, however, cells also exhibit a pronounced softening or “ﬂuidiza-
tion” [1]. While in certain cases cytoskeletal ﬁlament breakage or
depolymerization [104] aswell asmotor activitymight in principle con-
tribute to this behavior, as a generalmechanisma prompt softeningpre-
dominantly caused by the stress-induced unbinding of weak reversible
crosslinks between load-bearing ﬁlaments seemsmore likely [105]. Un-
like broken or depolymerized ﬁbers, unbound crosslinkers can more
easily rebind, allowing the network to recover its equilibrium elasticity,
in accordance with the observations. Moreover, this mechanism has
convincingly been demonstrated for transiently crosslinked in vitro
models of cytoskeletal polymers, as outlined above, and the identical re-
sponse pattern has been demonstrated by Trepat et al. [1] for a broad
range of cell types and experimental conditions (Fig. 5). Transiently
stretching cells and then measuring their elastic properties at zero re-
sidual strain, these authors found a signiﬁcant decrease in (and an ensu-
ing slow relaxation of) the microrheologically measured cell stiffness
after the stretch, even when myosin motors were inactivated. This
seemingly paradoxical behavior implies that stiffening and softening
are antagonistic yet simultaneous effects [106,67]. The observed cell
mechanical response sensitively depends on which contribution domi-
nates and, therefore, on the precise deformation protocol.
The nonlinear dynamic response of cells, including inelastic hystere-
sis effects, has also been studied directly by Fernandez et al. [95]. In a se-
ries of experiments, they showed that there is a qualitative change in
mechanical response as the strain amplitude increases, from reversible
to (on experimental time-scales) irreversible deformations. As a result,
there is strong hysteresis in the observed stress–strain curves, with
stress–strain cycles reminiscent of the kinematic hardening observed
in metal alloys. Again, as discussed above for the individual ﬁlaments,
ﬁxation with glutaraldehyde, which covalently crosslinks and prevents
the slippage of CSK ﬁlaments, removed the inelastic effects and made
the response purely elastic. This can again be taken as an indication
that the binding and unbinding of crosslinks in the cytoskeleton is in-
deed the responsible mechanism for the observed inelastic response.Fig. 5. Fluidization after a transient stretch measured in cells (main ﬁgure) and in
transiently crosslinked HMM/actin networks (inset). After a transient stretch, the linear
modulus G′ of cells is decreased and then recovers slowly. The polymer network exhibits
a qualitatively similar response (note the different axis scaling).
Adapted from Refs. [1,67].Fernandez et al. parameterize their experimental data with a phenome-
nological pseudo-plastic model, which features a transition from elastic
to inelastic behavior, but does not reproduce power-law rheology and
makes no mention of the underlying inelastic mechanism.
3.4. Cell aggregates and tissues
Muchof the characteristic inelastic phenomenology described above
for individual biopolymers, transiently crosslinked biopolymer net-
works, and living cells has also been demonstrated for whole living tis-
sues probed on similar time-scales (up to a minute, say). Tissues stiffen
under stretch [107], they exhibit power-law rheology [108,109] and
they can be ﬂuidized by imposed transient stretches [110,63]. Since ad-
herent cells can produce large forces on the order of several μN per cell
[111], ﬂuidization may also happen as a consequence of internally pro-
duced stresses. In cell monolayers, this has been hypothesized to be re-
sponsible for the emergence of mechanical waves [58]. In addition,
however, cell–cell adhesions and the ability to release stress by topolog-
ical rearrangements of cells inside a tissue or cell aggregate add another
microscopic mechanism for mechanical stress release on longer time
scales. Indeed, whole cell aggregates are found to ﬂow like liquids if a
constant stress is applied over a long time [112], but exhibit a viscoelas-
tic response akin to that of cells upon fast deformation [20,113].
In their 2013 paper, Stirbat et al. [61] subjectedmany cell aggregates
at once to certain nonlinear strain protocols. For a series of equal trian-
gular pulses, shakedownwas observedwith the aggregates settling into
a limit cycle after a few pulses. For a sequence of triangular pulses with
equal strain rates and increasing amplitudes (see Fig. 6, top row), the
mechanical response became more complicated. For small strains,
they found that the response was approximately elastic, and quite
large stresses were observed. As the pulse amplitude was increased,
however, a dramatic softening set in, as indicated by a progressive de-
crease in the maximum stress. Additionally, a signiﬁcant “backstress”
was observed for large strain pulses, i.e., a negative stress at zero strain.
While this backstress was found to be practically independent of the
shear rate, it was seen to strongly depend on the strain amplitude.
There was also a transition in the shape of the stress–strain curves
with increasing pulse amplitude from an elastic response at small am-
plitudes to indications of strain yielding, similar to those observed in
transiently crosslinked F-actin networks, at intermediate amplitudes.
Ultimately, for even larger strains, the stress–strain curves ﬂattened
out for strains beyond the initial elastic regime. Phenomenologically,
such stress plateaus correspond to ideal plastic behavior.
Strikingly, when the sequence of amplitudes is reversed, starting
with the strongest deformation and consecutively decreasing the strain
pulse amplitude, the stress–strain curves have an entirely different ap-
pearance (Fig. 6, bottom row). The ﬁrst pulse elicits a strong yield re-
sponse, but all subsequent pulses give rise to qualitatively similar
curves, quite in contrast to what was observed for the reverse protocol.
These complicated, protocol-dependent stress–strain curves cannot
easily be explained by classical viscoelastic models. Instead, the shake-
down at constant amplitude, and the hysteresis and the apparent plas-
ticity plateaus all hint at inelastic processes and a corresponding long-
term memory inside the material.
In summary, as the above survey has demonstrated, slowly revers-
ible material damages, so-called inelastic deformations, play a crucial
role in the mechanics of biological matter on scales ranging from indi-
vidual ﬁbers to cell aggregates. This seems to make sense, as it is
known to be speciﬁcally designed to absorb large stresses, sustain
quite large deformations, and adapt dynamically to new mechanical
environments — all without suffering fatal damage. Concrete examples
are provided by epithelial cells and muscle cells in the lung and in the
cardiovascular system, which are permanently submitted to large oscil-
latory deformations, in vivo. In fact, onemay justly argue that the ability
to accommodate for (and recover from) sacriﬁcial structural failures
is the key to the extraordinary mechanical resilience of biological
Fig. 6. Stress–strain curves for cell aggregates shearedwith the protocols in A/D, at two strain rates (0.001 s−1 for B, E, 0.01 s−1 for C, F). The strong qualitative differences between the top
and bottom rows are indicative of the inelasticmemory of the aggregates. For increasing triangular pulses, the response crosses over fromanelastic to aﬂuid phenomenology, suggestive of
an increasingly inelastic response. For decreasing triangular pulses, on the other hand, theﬁrst pulseﬂuidizes the aggregates and subsequent pulses elicit qualitatively similar responses. In
both cases, large strains exhibit strong hysteresis (area under the curves).
Reproduced from Ref. [61].
3032 M. Gralka, K. Kroy / Biochimica et Biophysica Acta 1853 (2015) 3025–3037materials. The aim of the following section is to argue that, qualitatively,
such complex behaviormayﬁnd a straightforward and natural explana-
tion in terms of a simple toy model, which combines, in a mean-ﬁeld
type approach, a representative transient bondwith an appropriate vis-
coelastic compliance, as schematically illustrated by Fig. 7.
4. Theoretical modeling
Biological materials are fundamentally different from inanimate
matter in terms of their extremely complex internal structures and,
moreover, usually operate far from equilibrium. This entails uniqueme-
chanical properties to a degree that itmay sometimes seemasmeaning-
less to speak of a cell as a material as it would of a car. The activeFig. 7. A schematic sketch of a minimalistic inelastic model for a potentially wide range of
biomechanical applications. The characteristic viscoelastic properties of the material are
subsumed into a coarse-grained viscoelastic constitutive model, which is here
pictographically represented by a Voigt model (corresponding to a single overdamped
sound mode). The inelastic damage incurred by the material upon deformation is repre-
sented by the metastable bond potential. Bond breaking is a stochastic process that is,
on themean-ﬁeld level, represented by rate equationswith characteristic load-dependent
kinetic constants. The interference and competition of the slow activated bond dynamics
with the (in general) nonlinear viscoelastic element can create a rich rheological phenom-
enology, with pronounced hysteresis and memory effects. The inelastic GWLC (iGWLC)
and the schematic models derived from it are slightly more elaborate examples for such
minimalistic inelastic circuits, where the viscoelastic sector is represented by a more real-
isticmechanistic structure (in themost elaborate version by the equilibriumGWLC itself).assembly and reassembly of the building blocks in cells and tissues –
such as the treadmilling of actin ﬁlaments, the stochastic binding and
unbinding of crosslinking proteins, the formation and dissolution of
stress ﬁbers and cell adhesions –makes for surprising effects that can-
not be captured by classical viscoelasticity models or polymer network
theories [38,114–116].
Yet, biological materials do not entirely elude a mechanical analogy
withmuch simpler inanimatematerials. Themechanical similarities be-
tween semiﬂexible polymer networks, single cells and cell aggregates,
discussed above, all hint at a unifying underlying mechanism. While
there are speciﬁc physical processes at work in each of these systems,
these can arguably be subsumed into coarse-grained constitutive rela-
tions for their respective viscoelastic properties. Crucially, though,
these viscoelastic models have to be supplemented by an inelastic ele-
ment, i.e., a weak bond that can break upon thermal activation and ap-
plication of external loads, as schematically illustrated in Fig. 7.
We think that it may prove fruitful in the future to explore such a
uniﬁed approach that can serve as a mathematical paradigm for the
comparison of the inelastic mechanics of such a wide variety of biolog-
ical systems. In the following, we review recent modeling efforts along
these lines and outline future directions in the development of biome-
chanical models. We focus on the inelastic GWLC (or iGWLC) model
[117,67]. Thismodelwas developed as an extension of the classicalmin-
imal model of semiﬂexible biopolymers, the wormlike chain (WLC).
(We refer the interested reader to a recent review [118] for technical in-
formation about theWLC and GWLCmodels.) The aimwas to provide a
mathematically simple yet precise parameterization of the characteris-
tic linear and nonlinear viscoelastic rheology of semiﬂexible polymer
solutions and living cells, and a minimalistic representation of inelastic
effects.
4.1. Viscoelastic models and the GWLC
Until recently, single-mode viscoelastic models have been the go-to
mathematical framework in biomechanics. The Maxwell model, the
Kelvin–Voigt model and similar models composed of a few springs
and dashpots in series and in parallel are easy to apply and evaluate.
However, they often seem ad hoc and are difﬁcult to interpret in
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cuitry” contains a large but ﬁnite number of elements. Therefore, they
are also hard to generalize systematically, e.g., to include nonlinear elas-
ticity or inelastic processes. In addition, although suchmodels may cap-
ture the behavior seen in any particular cell-rheological measurement
in some narrow frequency window, they fail to reﬂect a key property
ubiquitously observed in biomechanical measurements, namely the
very broad, essentially scale-free excitation spectrum.
To parameterize such scale-free or “power-law” rheology in semiﬂex-
ible polymer networks and cells, the soft glassy rheology (SGR) model
[119], originally introduced as a generic rheological model for soft glassy
materials such as pastes and slurries, has become apopularmathematical
tool [40]. A peculiarity of this model is that it makes no reference to any
speciﬁc spatial or molecular structure of the described material, but in-
stead appeals to an abstract schematic picture of a rough free energy
landscape through which the system is pushed by an external drive.
The generic butminimalistic formulation of themodel is conceptually ap-
pealing to physicists. Yet, it hasmade it difﬁcult to extend the SGRmodel
to includemajor characteristics of common biomechanical systems, such
as strain stiffening or strain-dependent ﬂuidization.
The glassy wormlike chain (GWLC) model [42] was developed in an
attempt to incorporate the basic spirit of the SGRmodel into a standard
polymer model to overcome this problem. Accordingly, the model has
as its starting point the mechanical compliance of a single semiﬂexible
test polymer, which is represented by the standardmodel of awormlike
chain, i.e., an inextensible space curve endowed with an energetic pen-
alty for bending. To phenomenologically account for the slow glassy dy-
namics that arises due to the test polymer's conﬁnement by (and
interactions with) the surrounding polymers in an in-vitro network or
in the crowded cytoplasm of a living cell, the GWLC model postulates
that these effects can effectively be captured by a wavelength-
dependent exponential stretching of the WLC relaxation spectrum.
More speciﬁcally, the nth mode relaxation time τn of the WLC model
is modiﬁed according to the rule
τn→
τn; if λnbΛ;
τn exp E λn=Λ−1ð Þ½ ; if λnNΛ:

ð1Þ
This simple rule manifests itself in a crossover structure of the shear
modulus. The well-known high-frequency power-law regime of the
WLC gives way to a second, weaker power-law regime at low frequen-
cies, exactly as observed in linear rheological measurements of biopoly-
mer networks and cells; see Fig. 1. Since it is rooted in the classical
standard model for semiﬂexible polymers, the GWLC naturally comes
with strain stiffening and allows for the straightforward introduction
of a prestress. In the same way, time-dependent external or internal
stresses may be incorporated into the model [42], e.g., to represent the
activity of molecular motors or the stresses arising from the conﬁne-
ment and polymerization. The GWLC has quite successfully been
employed to parameterize power-law rheology and strain stiffening in
actin [90,67] and pectin [120] networks as well as in cells [41].
4.2. Bond dynamics and the inelastic GWLC
Wehave argued above that, in order to understand the inelastic me-
chanics of biomaterials, it is necessary to incorporate the notion of tran-
sient bonds into whatever model has been devised for the viscoelastic
part of the response. For the case of a weakly crosslinked F-actin net-
work that is, in the reversible linear and nonlinear deformation regime,
well described by the GWLC model, Wolff et al. [117,67] introduced the
notion of transient crosslinks by extending this model to what they
called the inelastic GWLC (iGWLC). Although originally conceived as a
qualitative model for the inelastic mechanics of polymer networks, the
iGWLC could, with the same justiﬁcation, also be applied to cells, thanks
to generic and minimalistic structure of the model and the above-mentioned mechanical similarities between polymer networks and
cells.
In fact, the cited papers demonstrate that even such a simple mean-
ﬁeld-level description of the bond dynamics is sufﬁcient to rationalize a
host of diverse mechanical response patterns with rich hysteresis and
memory effects (see Fig. 8). In return, thanks to the minimalistic struc-
ture of the inelastic GWLCmodel, even such a complex phenomenology
can mechanistically be well understood as a result of the dynamic com-
petition and mutual interaction of polymer and crosslinker degrees of
freedom. The former contribute entropic strain stiffening and power-
law rheology, the latter activated bond breaking, which gives rise to in-
elastic slip and network ﬂuidization, with slow recovery. The intrinsic
microscopic time-scales for the unbinding/binding of the bonds are
the only biomechanically relevant characteristic time-scales in the oth-
erwise essentially scale-free inelastic GWLC model. Accordingly, the
mechanical response of the model is crucially dependent on the ratio
of the externally imposed time scales (strain or stress rates) and the un-
binding rate k−(f). Thereby, the model immediately rationalizes the
known pronounced strain-rate dependence of themechanical response
of cells and biomaterials [90,95,61].
Compared to the bare, viscoelastic GWLCmodel, the inelastic exten-
sion involves but a single new variable, namely the time-dependent av-
erage fraction ν(t) of closed bonds (brieﬂy “the bond fraction”), which
tracks the overall state of the bond evolution by simple ﬁrst-order kinet-
ics. In the presence of an externally prescribed load, it is simply given by
ν
 ¼− kþ fð Þ þ k− fð Þ½ ν þ kþ fð Þ; ð2Þ
where the force-dependent on- and off-rates k+ and k− have to be spec-
iﬁed. The standard Bell model [121] assumes a simple exponential de-
pendence of the rates on the external force,
kþ fð Þ ¼ k0e f = f u ;
k− fð Þ ¼ k0eU− f = f b ;
whereU sets both the equilibriumvalue and the rebinding rate after the
cessation of the force. The Bell model has recently been superseded by
more accurate theories taking into account the distortion of the energy
landscape at large forces and rapid loading [122,123]. While relevant in
the context of highly specialized single-molecule force-spectrometry
measurements, such improvements are technicalities of little relevance
to our present qualitative discussion. We should also mention so-called
binding site models as alternative models for computing the dynamical
evolution of the bond fraction [124]. They are arguably more realistic
than the mean-ﬁeld approach of the iGWLC, because they can take
into account the spatial information about the mutual interference of
the bondswith each other andwith the deformation of the polymerma-
trix. However, we believe that the expected improvement would again
merely showup in the quantitative ﬁneprint. The Bellmodel is substan-
tially less problematic in its implementation and computationally much
more efﬁcient, and should sufﬁce for a ﬁrst qualitative coarse-grained
description of the truly complicated bond network dynamics.
Bond breaking can generally be imagined to have two complemen-
tary effects on a polymeric material: a lower bond fraction ν corre-
sponds to a less connected, hence mechanically weakened, or
ﬂuidized polymer scaffold. A decrease of ν therefore translates into a de-
crease of the overall stability of the material, a process called strain/
stress softening or ﬂuidization. In cells, for instance, the breaking or un-
binding of actin crosslinkers would weaken the cytoskeleton and thus
decrease the shear modulus, until the bonds reform in a slow healing
process that may possibly exceed the observation time. This effect
turns out to be particularly relevant for external strain protocols [1].
The second effect of bond breaking is to allowmutual slippage of the
previously connected scaffolding elements. In the case of the cytoskele-
ton, the formerly crosslinked ﬁlaments become free to slide relative to
Fig. 8. Constitutive diagram for the inelastic GWLC model (central panel). At high deformation rates and large amplitudes, large stresses in the network and the concomitant rapid bond
breaking lead to inelasticﬂuidization. At low amplitudes, bonds are relatively stable and themechanical response becomes viscoelastic. During slow deformations, bond breaking can keep
pace with the deformation, which together with the entropic stiffening of the polymers elicits a response reminiscent of kinematic hardening. Top panel: frequency dependence of the
linear frequency-dependentmodulus, with the crossover fromweak power-law rheology to the characteristic single-polymer high-frequency scaling. Left panel: the steady-state stiffness
at vanishing deformation rate exhibits ﬁrst an increase due to entropic stiffening, until it is overcome by the ﬂuidization effect due to the inelastic bond breaking at large deformation
amplitudes. Adapted from Ref. [67].
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amount to topological rearrangements of cells [125]. In both cases, slip-
page induces an additional deformation on top of the viscoelastic defor-
mation caused by an external force in the scaffolding elements
themselves. This effect turns out to be particularly relevant for stress
protocols. (When the strain is imposed instead, slippage will relieve in-
ternal stresses, thus serving as a natural negative feedback loop reduc-
ing the load on the bonds, thereby avoiding the avalanche-type
catastrophic failure that is conceivable in case of a large prescribed
force.)
In principle, several bond types νi could be introduced into a model
of a complex compositematerial, one for every class of bonds. However,
since most biologically relevant crosslinking molecules are structurally
similar, the softening can often be subsumed into a single effective
bond fraction. Thereby, one can keep the model minimalistic, which is
highly desirable from an epistemological perspective for any model
that aims at a qualitative understanding, and moreover keeps the dan-
ger of overﬁtting at bay [126]. An exception to this rule is provided by
cell aggregates and tissues, since their deformations lead to inelastic ef-
fects both inside the cells (e.g., crosslinker unbinding and notable ﬂuid-
ization in the cytoskeleton) and rearrangements of the adhesive cell–
cell contacts, which are themselves mechanically tightly coupled to
the cytoskeleton. Intercellular inelastic effects include unbinding from
other cells and from the extracellularmatrix, but also cellular rearrange-
ments through topological T1 transitions under stress. In this case, one
can hardly imagine that a model with less than two bond types involv-
ing substantially different energy scales and ensuing bond kinetics
would sufﬁce.
4.3. Schematic models
The simplicity and the so far quite successful application track record
of the inelastic GWLC make it a good candidate for a general-purpose
model of inelastic biomechanics. It deliberately employs bold simpliﬁca-
tions. In particular, it does refrain from addressing speciﬁc network and
crosslinking geometries, nor is it parametrically ﬁne-tuned to anyconcrete molecular architecture, as would be required for extracting
precise parameter values for binding afﬁnities of crosslinkers, say,
from ﬁts to experimental data. In return, onemay hope that it can qual-
itatively capturemajor elements of the inelastic phenomenology of sys-
tems as diverse as individual biopolymers, transient biopolymer
networks, living cells, andwhole tissues, irrespective of their utterly dif-
ferent length scales and degrees of molecular complexity. From the per-
spective of the practitioner, the main downside of the inelastic GWLC
model is that its predictions are, despite its minimalistic structure, still
computationally cumbersome to evaluate. However, not all of the phys-
ical properties implicitly contained in themodel play an equally impor-
tant role in each of its potential applications. It is therefore tempting to
simplify the model and to strip it down to the mathematical minimal
structure that matters most for the particular application at hand. In
this way, one may obtain a number of reduced schematic models
[127], each of which still captures important aspects of the full model;
at the very least the basic combination of a mechanical constitutive
model with a weak bond.
Generally speaking, the softening induced by bond breaking will ar-
guably mainly affect the stiffness parameters of the viscoelastic consti-
tutive model, which naturally depend on the considered material, cell
type or tissue. Since schematic models should aim at a qualitative de-
scription, the simplest viscoelastic model accounting for the relevant
features of the mechanical response observed in any given application
should sufﬁce. The only strict requirement is that there is a stiffness pa-
rameter that decreases when bonds are broken. To account for the ef-
fects of slippage, we schematically represent the sample by its
characteristic length L, and an inelastic contribution to the (normalized)
total deformation ΔL= [L(t)− L(0)]/L(0), i.e.
ΔL ¼ V νð Þ þ sS νð Þ: ð3Þ
For gentle external forcing, the viscoelastic contribution VðνÞ re-
duces to the linear response description of the material at hand, which
may be represented by, e.g., an elastic law, or a viscoelastic Maxwell
or Kelvin model, or a power-law ﬂuid. The choice of the appropriate
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tal setup and time scale. For example, a simple cell stretch over several
seconds may be appropriately described by a Kelvin model (which fea-
tures a characteristic time scale), while measurements of the complex
modulus would require the use of a power-law ﬂuidmodel to accurate-
ly describe the scaling of themodulusmentioned above. On even longer
time scales of hours, cell motility and even cell division may necessitate
the use of an entirely different class of models.
Formore vigorous forcing, the termVðνÞ includes thematerial's elas-
tic stiffening response, and, when bonds are broken, this termmust in-
crease to reﬂect the softening due to a decreasing bond fraction ν(t). A
simple choice, which is also supported by a more detailed analysis of
the inelastic GWLC model [127], is a reciprocal dependence on the
bond fraction, i.e., VðνÞ∝ν−α . The exponent α can be set to unity for
many common applications [127].
The second termsSðνÞ in Eq. (3) represents the inelastic deformation
due to direct slippage. This termmust also increase as bonds are broken,
but it is per se arguably largely independent of the viscoelastic deforma-
tion. It quantiﬁes how far the scaffolding elements slip upon bond
breaking and as such depends mostly on the underlying architecture
and geometry of the unperturbed material that is not resolved in detail
by a mean-ﬁeld approach. A detailed description would indeed quite
generally hugely complicate any modeling attempt. In a most simplistic
approach, one may postulate that a single characteristic length scale
sL(0) should typically sufﬁce to effectively represent the network archi-
tecture, and to balance the relative importance of viscoelastic deforma-
tion and slippage for the overall strain. The term SðνÞ itself can, to ﬁrst
order, be written as SðνÞ∝1−ν=ν0. This expression should be qualita-
tively valid for any system as long as the bond fraction ν remains in a
reasonable range around its equilibrium value ν0, i.e., we are working
far from the collapse of the material.
Schematic models, as outlined here, are easily constructed by com-
bining Eqs. (2) and (3) with a suitable simpliﬁed model for the vis-
coelastic material response. Since they make do with a small set of
simple differential equations, these schematic models present a simple
yet powerful tool for the analysis of biomechanical experiments. They
can in principle be implemented in ﬁnite-element type simulations in
order to account for particular cell or tissue geometries and their inelas-
tic response to large deformations. The schematic inelastic models can
therefore be regarded as valuable tools for theorists and experimental-
ists alike for bridging the gap between over-simpliﬁed viscoelastic
models and full-scale simulations. They can be particularly helpful in es-
tablishing a unifyingperspective on themechanics of livingmatter if it is
understood how they relate to a generic minimal model that captures,
in a nutshell, the full range of possible viscoelastic and inelastic process-
es. We believe that the inelastic GWLC provides a good candidate for
such a generic modeling platform.
5. Conclusion
To create in-silico models featuring the full complexity of biological
materials is neither practically nor conceptually a very appealing or
promising task. A better way forward lies in the study of experimentally
inspired toymodels that strike a good balance between accuracy, gener-
ality, and mathematical tractability. We have argued above that the in-
elastic paradigm offers a uniﬁed perspective on many biomechanical
problems, by concentrating on a structural property that is ubiquitous
in biomaterials, namely, transient bonds that respond with activated
(though not necessarily fatal) failure to imposed mechanical deforma-
tions and stresses. The simplicity and the so far quite successful applica-
tion track record of the inelastic GWLC make it a good candidate for a
general-purpose model of inelastic biomechanics. In certain limiting
cases, it can be simpliﬁed to obtain schematic toy models that are less
general but easier to apply andmodify in order to suit speciﬁc interests.
With more and more experimental data on inelastic biomechanics be-
coming available that need to be analyzed with reasonable effort interms of the underlying key physical mechanisms, such simpliﬁed sche-
matic models will gain more relevance in the future. Our top–down ap-
proach, starting from a relatively genericmodel and breaking it down to
simpler models tailored to more speciﬁc applications is suggested to
have certain virtues over the ad-hoc construction of simple models
from scratch, as the need arises. Not the least of them is that it helps
to avoid a one-model-per-experiment practice, which has little scope
for generating general insight and for separating the core mechanisms
and unifying principles governing many biomechanical systems from
the more accidental properties found only in certain speciﬁc systems.
In summary, we have surveyed experimental and theoretical evi-
dence that suggests that the notion of inelastic mechanics may provide
a comprehensive unifying framework for the analysis of biomechanical
measurements in a wide class of biological systems of vastly different
length scales and levels of complexity. A minimalistic but generic theo-
retical approach based on a schematic but explicit modeling of the
breakage and reformation of weak bonds in biological materials, along-
side with its feedback onto their viscoelastic properties, is suggested to
provide a powerful paradigm for the interpretation of biomechanical
measurements.
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